Bacterial photosynthesis relies on the interplay between light harvesting and electron transfer complexes, all of which are located within the intracytoplasmic membrane. These complexes capture and transfer solar energy, which is used to generate a proton gradient. In this study, we identify one of the factors that determines the organization of these complexes. We undertook a comparison of the organization of the light-harvesting complex 1 (LH1)͞reaction center (RC) cores in the LH2 ؊ mutant of Rhodobacter sphaeroides in the presence or absence of the PufX protein. From polarized absorption spectra on oriented membranes, we conclude that PufX induces a specific orientation of the reaction center in the LH1 ring, as well as the formation of a long-range regular array of LH1-RC cores in the photosynthetic membrane. From our data, we have constructed a precise model of how the RC is positioned within the LH1 ring relative to the long (orientation) axis of the photosynthetic membrane.
W
hen growing photosynthetically, the purple bacterium Rhodobacter (Rb.) sphaeroides uses the energy of light to drive the formation of ATP via a cyclic electron transfer. Light energy is captured by the light harvesting complex(es) and funneled toward the special pair of bacteriochlorophylls (BChls) (P) in the reaction center (RC). The energy is used for the release of an electron by the special pair, which is transferred via the accessory BChl and a bacteriopheophytin (BPheo) molecule to the initial ubiquinone acceptor Q A and finally to the secondary ubiquinone Q B . After two such photoreactions, doubly protonated ubiquinol (QH 2 ) is formed that dissociates from the RC complex into the lipid phase of the membrane. The cytochrome bc 1 complex utilizes ubiquinol and the oxidized cytochrome c 2 as reductant and oxidant, respectively. The net result of this process is the formation of a proton gradient, resulting in the synthesis of ATP, which is used to power the metabolic reactions in the cell.
Light harvesting and subsequent cyclic electron transfer involve the interplay between at least four protein complexes, the peripheral light harvesting complex 2 (LH2), the LH1 complex, the reaction center (RC), and the cytochrome bc 1 complex. There are structural models, to atomic resolution, for the LH2, RC, and cytochrome bc 1 complexes (1-3). These data, together with structural information on LH1 and LH1-RC complexes from cryoelectron microscopy (4, 5) , offer the possibility of building a model for the organization of the photosynthetic membrane. It is now clear that a protein, PufX, could hold the key to understanding the organization of these components within the membrane. The significance of PufX arises from the demonstration that it is necessary for photosynthetic growth of Rb. sphaeroides (6) , and more specifically that it is required for ubiquinone͞ubiquinol exchange between the RC Q B site and the cytochrome bc 1 complex (7, 8) . When the LH1 complex is absent or is reduced in size, there is no such requirement for PufX (9, 10) . Thus, there is an intriguing relationship between the RC, the LH1, and cytochrome bc 1 complex, in which PufX plays a central role.
The pufX gene, which encodes a small integral membrane protein consisting of 82 amino acids, is found at the 3Ј end of the puf operon (11) , which also encodes the major components of the core complex, the LH1 ␣ and ␤ polypeptides, and the L and M subunits of the RC. The LH1 complex forms a ring apparently consisting of 16 ␣, ␤ heterodimers (4), which then surrounds the RC, at least in the absence of PufX (9, 12, 10) . Although there are no high resolution data for any LH1 complex, it is assumed that this complex contains a maximum of 32 BChls sandwiched between concentric rings of ␣ and ␤ subunit helices (4), much like arrangement found in the LH2 complex (3). In the presence of PufX, the number of BChls in the ring is reduced by approximately 2 (10) . PufX is believed to form part of the LH1 ring (12) ; it associates with LH1 and the RC in vitro to form the core complex in Rb. sphaeroides (13, 14) , and during photosystem assembly the insertion of PufX precedes the encirclement of the RC by LH1 (14) .
There is no direct structural evidence that PufX is part of the LH1-RC core complex; the cryoelectron microscopy data (4, 5) were obtained for LH1-RC complexes from Rhodospirillum (Rs.) rubrum and from an LH2 Ϫ mutant of Rb. sphaeroides, respectively. In neither case was a protein, PufX, present, because it has not been found in Rs. rubrum (15) , or because the gene encoding it was deleted in the Rb. sphaeroides mutant (9) . The first step toward an analysis of a photosystem containing PufX can be seen in the work of Jungas et al. (16) , which proposes that LH1-RCPufX cores form a regular array in tubular membranes of an LH2 Ϫ mutant of Rb. sphaeroides. Previously, the demonstration that PufX exerts its influence in facilitating the diffusion of reduced quinols out of the core complex led to the concept of a quinone pore in the LH1 ring, formed by PufX (7, 8, 12) . It is implicit in this model of the core complex that the RC adopts a single orientation with respect to PufX to maximize the diffusion rate of the quinones into and out of the Q B site. This, taken together with the existence of regular arrays of complexes seen in cryo-EM (16) , would indicate a need to probe intact membranes using polarized light to identify any highly organized and oriented complexes, and to examine whether PufX influences this organization. We have used linear dichroism (LD) spectroscopy to examine membranes containing LH1-RC cores, with or without the PufX protein. Our data show a remarkable difference between the two types of membrane, which demonstrates that PufX promotes a well defined orientation of the RC with respect to the LH1 complex, and that this is accompanied by a long-range organization of the LH1-RC-PufX cores in the membrane.
Materials and Methods
Sample Preparation. The DD13 double deletion strain (17) , which does not synthesize LH2, LH1, or RC complexes, was comple-mented with the desired genes encoding RC, LH1, LH1-RC, or LH1-RC-PufX complexes as described earlier (14, 17, 18) . Transconjugants were grown semiaerobically in the dark on M22 ϩ medium supplemented with neomycin (20 g⅐ml
Ϫ1
) and tetracycline (1 g⅐ml
). Mutant colonies were screened for by using a Guided Wave 260 spectrophotometer fitted with a home-built Petri dish holder. Selected mutants were then grown in liquid culture, and intracytoplasmic membranes prepared as described by Olsen et al. (19) . The intracytoplasmic membranes were stored at Ϫ20°C until required for spectroscopy. The preparations were diluted with 10 mM Tris⅐HCI (pH 8.0) before use, and for low-temperature measurements glycerol was used at a concentration of 70% (vol͞vol). For the LD measurements, the polyacrylamide gels contained 14.5% (wt͞vol) acrylamide and 0.5% N,NЈ-methylbisacrylamide. After polymerization of the gels with 0.05% (wt͞vol) ammonium persulfate and 0.03% TEMED (Sigma) in the dark, they were compressed in two perpendicular directions (x and y axis), and the gels expanded along the z axis. The samples were frozen in the dark for Ϸ15 min.
Spectroscopy. Absorption, P ϩ minus P ⌬A, LD, and P ϩ minus P ⌬LD spectra were recorded on a home-built spectrapolarimeter, with a resolution of 1.5 nm. P ϩ minus P ⌬LD spectra were obtained by laser excitation at 670 nm to avoid photoselection by the polarized light (CW dye-laser, DCM dye, Coherent CR599, bandwidth of Ϸ1 nm, pumped by an Ar ϩ laser, Coherent Innova 310). The power was attenuated to 15 mW⅐cm Ϫ2 . The absorbance difference (LD) spectra were measured with two parallel lock-in amplifiers (one for the transmission signal and the other for the difference signal) and a monochromator, with 1-nm resolution. The ⌬LD spectra were directly recorded by a third lock-in amplifier that was fed by the LD signal and locked at the 20-Hz laser modulation. For the ⌬LD experiment, the LD signal was measured with a short, 3-ms integration time. The P ϩ minus P ⌬A measurement was performed with two lock-in amplifiers in series with the laser at the same excitation wavelength as before, modulated with a chopper at a slow, 20-Hz frequency. In this case, the transmission signal was modulated with the use of two perpendicular placed polarizers with a PhotoElasticModulator (PEM 80, Hinds, Hillsboro, OR) that changes the polarization of the probing light from parallel to perpendicular with 20 kHz, placed in between.
Results and Discussion
The main transitions of the RC pigments partially overlap with those of the LH1 complex. In Fig. 1a , we compare the 77 K absorption spectra of membranes containing only RCs with membranes containing only the LH1 complex. The LH1 complex has a single major absorption maximum at 887 nm and a long vibronic tail toward the blue. In the RC, the special pair (P) absorbs at 888 nm, the accessory BChls (B) at 802 nm, and the BPheos (H) at 758 nm. In the presence of PufX, the absorbance maximum of both LH1-only and LH1-RC cores are blueshifted by 1-2 nm with respect to their X-minus equivalents (see Fig. 2 and ref. 10 ). This effect can be modeled with exciton theory by assuming that in the presence of PufX LH1 is a curvilinear array rather than a complete ring of coupled pigments (20) . When the membranes containing only RC or membranes containing only LH1 are oriented and probed with linearly polarized light, we observe the absorbance difference between horizontally and vertically polarized (LD) with respect to the axis of orientation (Fig. lb) . This axis of orientation is the long axis of the particle, which in this case corresponds to membranes or membrane fragments that contain these complexes embedded in their native environment. For the RC-only membranes, we find a positive LD for the special pair P and the accessory BChls and a negative LD for the BPheos. This is what one would expect, assuming that the RC orients with its C 2 symmetry axis perpendicular to the stretching axis of the gel. The P and B transition dipoles are perpendicular with respect to the normal of the membrane (which is coincident with the RC C 2 symmetry axis) whereas H has a more parallel orientation (21) . We can calculate the angles of the various transition dipoles with respect to the normal of the membrane plane (angle , see Appendix, section A) by calculating the ratio of the reduced LD (ϭ LD͞A) for B and H relative to P, assuming that the long-wavelength transition of P makes a 90°angle with this axis. This circumvents the problem of not knowing the orientation factor of the complex (see Table  1 ). The angles of B and H with respect to the membrane plane are calculated to be 24°and 55°, respectively. These values are in good agreement with the angles calculated from LD spectra and the structure by Breton (21) , which were 20°and 50°.
The LD for the LH1 complex is positive over the entire absorption band, which indicates that the particles are oriented such that the pigments within the ring have their Q y transitions parallel to the plane of the ring (which is in the membrane plane) (22) . The LD spectra of membranes containing LH1-RC core complexes with or without PufX contains three regions of interest, around 870, 800, and 750 nm (Fig. 2) . The LD in the 870 nm region for both PufX ϩ and PufX Ϫ core complexes is dominated by the positive signal of the LHl complex; the contribution of the special pair cannot be observed because the LH1 complex has 12 to 16 times more BChls absorbing around 870 nm than the RC. Nevertheless, a reduction of the LD͞A value can be observed at the red edge of the 870-nm band in the presence of PufX, which may be indicative of a negative contribution of P. Although these spectra have been normalized to give the same maximum absorbance, the absolute magnitude of the LD spectra is almost equal for both PufX ϩ and PufX Ϫ core complexes, indicating that both types are embedded in similarly shaped membrane fragments. Around 750 nm, the LD signals almost coincide, and both PufX ϩ and PufX Ϫ complexes show the negative LD of the BPheos as observed for the RC-only complex. A striking difference between the two types of core complexes can be observed around 800 nm. Those complexes in membranes lacking PufX have a positive band similar to the LD signal of the accessory BChls in RC-only membranes whereas the membranes with PufX have a negative LD. Close inspection of this negative band (see Fig. 2 Inset) shows a shoulder on the red edge at 813 nm, which is the expected absorption maximum of the upper exciton band of the special pair. The contribution of this 813-nm transition is negative in both spectra, with and without PufX.
We can interpret the observed LD spectra by assuming that (i) membranes containing LH1-RC core complexes are oriented with their normal perpendicular to the stretching axis, (ii) that in these membranes PufX Ϫ cores have full rotational freedom around the normal to the membrane [meaning that the angle is free (see Fig. 5 and Appendix)], and (iii) that there is a fixed angle, , between the projection of the transition dipole moment in the membrane and the stretching axis for the PufX ϩ cores (see Appendix, section B).
The ratio of the reduced LD can be calculated for the PufX Ϫ cores in a similar fashion to that for the RC-only membranes.
The ratio of the reduced LD of B (802 nm) and H (758 nm) is the same for both LH1-RC and RC-only membranes, and we conclude that, in both membranes, the RC is oriented in such a way that the transition dipole moment of P lies in the plane of the LH1 ring and that there exists no favored orientation of the RC in the ring. To explain the remarkable LD spectrum observed for the membranes containing PufX ϩ cores, we can safely assume that the RC structure has remained unchanged because no differences in the CD spectra for the accessory BChls were observed (data not shown). Furthermore, a large tilt of the RC relative to the plane of the LH1 ring can be ruled out because that would also affect the orientation of the BPheos. Therefore, we propose that, in the presence of PufX, a specific orientation of the RCs exists relative to the long axis of the particle. In other words, a fixed angle is assumed, which means that we cannot average over all orientations of this angle (Appendix; Fig. 5 ). As a consequence, the reduced LD now not only depends on , but also on . The same values for were used as for membranes containing PufX Ϫ cores or RC-only complexes. Again, the reduced LD of B and H relative to LH1 can be calculated assuming perfect orientation of the LH1 complex, yielding values for of 55°and 33°, respectively. 
*LDr values presented here as LD/A with A ϭ Az (measured simultaneously with LD). Because we only use ratios for calculating angles, we do not need the isotropic absorption. † LDrЉ is the measured LDr for RC-only membranes normalized to the LDr of P and for the PufX Ϫ and PufX ϩ membranes normalized to the LDr of LH1. ‡ and are calculated by comparing the measured values of LDrЉ with Eqs. 5 and 8, respectively. For RC-only membranes, the angle is assumed 90°for the longwavelength transition of P; for PufX ϩ and PufX Ϫ membranes, the angle is assumed 90°for the longwavelength transition of LH1. § This value is estimated from the ⌬LD signal and the absorption of P. When P is assumed to be in the plane of the LH1 ring (i.e., P ϭ 90°), the expected value of for P (from the RC structure and based on the values for B and H as given above) would be Ϸ80°, a geometry that leads to a value for the reduced LD of Ϫ0.2. This would imply that, in each RC, the long wavelength transition dipole of P is almost perfectly oriented perpendicular to the stretching axis. To observe this predicted orientation of the long wavelength P transition within a membrane with PufX ϩ cores, we designed a double absorption difference experiment that measured the difference in LD due to the light-induced bleaching of P. The LD signal was modulated with a 20-Hz laser flash so that the difference in LD (⌬LD) could be measured directly. Fig. 3 shows the resulting dark minus light absorption and LD spectra. The sign of the latter spectrum was checked by measuring the LD with continuous laser excitation and subtracting the spectrum obtained in the light from the dark LD spectrum. The dark-minus-light absorption difference spectra for the PufX ϩ and PufX Ϫ cores (Fig. 3a) are almost identical and show the well known bleachings and bandshift signals due to the formation of P ϩ Q B Ϫ . In contrast, the ⌬LD spectra are dramatically different, but all of the features are fully consistent with the LD spectra for PufX ϩ and PufX Ϫ membranes shown in Fig. 2 . In the two spectra, the peaks for H are similar; in contrast, the signals have opposite sign for B. Furthermore, a negative signal is seen at 888 nm for the PufX ϩ cores whereas in the same region a split positive band is observed for the PufX Ϫ cores. In the latter case, the spectrum is interpreted as attributable to the positive P signal on which an LH1 bandshift signal, caused by the electric field associated with charge separation, is superimposed. For the PufX ϩ cores, the P-spectrum has been inverted, which explains the difference. These features are also consistent with our predictions for the LD of P mentioned earlier. Although some cancellation effects are expected because of the bandshift of B, one can conclude that P has stronger negative LD than B for the PufX ϩ cores. We roughly estimate the reduced LD for P to be about twice the magnitude of B, which is consistent with the predicted value of Ϫ0. 2.
The LD experiments carried out in this study have enabled us to calculate the arrangement of the core complexes in the PufX-containing membrane, and to demonstrate that PufX exerts a decisive effect on the orientation of the RC. A model depicting the organization of core complexes within their native membrane is presented in Fig. 4 . The membranes of this LH2-minus strain are assumed to constitute a pronounced long axis, as previously observed for such strains (23) (24) (25) . When PufX is absent, the LH1-RC cores have a random orientation with respect to each other (Fig. 4a Right) whereas in the presence of PufX the LH1-RC cores form regular arrays within the membrane (Fig. 4a Left) . The angles of the projection of the transition dipole moments of the RC pigments as calculated above for the pufX ϩ cores allow us to state how the RC is oriented within the LH1 ring (Fig. 4B) . The angle between the projection of the transition dipole moment on n Ќ and the z axis of the RC pigments and the stretching axis (i.e., the long axis of the membrane fragment) is estimated: for P, Ϸ80°; for B, 55°; and for H, 33°. Our calculations do not predict the sign of these angles. When H is taken to be Ϫ33°(see Fig. 5 and Appendix), the calculated angles coincide with the orientation of the RC as depicted in Fig. 4c . Combining this orientation with the hypothesis that pufX forms a pore in the LH1 ring for the quinones and the structure reported by Jungas et al. (16) , we arrive at a full description of the arrangement of the core complexes within the membrane. This model fully explains the reversal of sign around 800 and 888 nm seen in the LD and ⌬LD spectra, respectively, between cores with and without PufX. No large differences in LD were expected or observed for the BPheos at 750 nm or for the LH l pigments at 870 nm, and this is reflected in the model. Thus, the LD spectrum of pufX containing membranes can be explained by a regular array of cores aligned in a membrane fragment with a well defined long axis, as illustrated in Fig. 4a . In contrast, in the absence of pufX, the cores are randomly oriented in the membrane. Finally, we note that an explanation of the observed LD data requires a macroscopic organization of the LH1-RC-PufX core complexes relative to the long axis of the membrane fragment as any organizational disorder would dramatically attenuate the LD signals at 800 and 880 nm.
Conclusions
Our data demonstrate the ability of spectroscopy, not only to determine the arrangement of pigment molecules, but also to use these molecules as reporters for the macromolecular organization of the pigment-protein complexes in the photosynthetic membrane. Our data lead to the conclusion that, although PufX is quantitatively a minor component of the bacterial photosynthetic unit, it can exert a profound influence on the organization of the bacterial photosynthetic apparatus by promoting the formation of regular arrays of LH1-RC core complexes in the intracytoplasmic membrane. Recently, electron-micrographs have been reported (16) , demonstrating the presence of quasicrystalline arrays in the photosynthetic membrane of LH2-strains of Rb. sphaeroides. The elementary unit was proposed to be a dimer of LH1-RC-PufX cores separated by a region of electron density that is tentatively ascribed to the cytochrome bc 1 complex. We have probed such membranes with polarized light, have identified the presence of organized arrays of reaction centers, and have demonstrated that this organization depends on the presence of PufX. If PufX does act as a portal between the RC and the cytochrome bc 1 complexes, it is reasonable to suggest that the cytochrome bc 1 complex is also present in organized arrays within this membrane. An elucidation of the organization of bacterial photosynthetic membranes will enhance our understanding of how multicomponent protein supercomplexes function in vivo. As membrane shape is determined by its constituents and their organization, our findings indicate that eventually the pufX protein plays a major role in the full appearance of the photosynthetic membrane. 5 . The geometry of relevant vectors and angles for the LD experiment (measured is A z Ϫ Ax). The stretching axis coincides with the z axis. The long axis of the membrane fragment is supposed to coincide with the z axis. For a pigment in a complex embedded in an oriented membrane, we define a normal, n, and a vector perpendicular to this normal, n Ќ, in the plane of the pigment transition dipole moment, , and n. We project the pigment transition dipole moment, , on n and nЌ. The orientation of is defined by three angles: (i) between the projection of to nЌ and the z axis: ; (ii) between and the normal, n: ; and (iii) between the projection of to n and the x axis: ␦.
